Abstract: We perform a comprehensive study of the impact of new-physics operators with different Lorentz structures onB → D * + l −ν ℓ decays, (ℓ = e, µ, τ ) involving the b → clν ℓ transition. We present the full three angle and q 2 angular distribution with new physics operators with complex couplings. Various observables are constructed from the angular distribution with special focus on the CP violating triple product asymmetries which vanish in the Standard Model without any hadronic complications. Two of the three triple products are only sensitive to vector/axial vector new physics operators. Hence, the measurements of non-zero triple-product asymmetries will be a clear sign of new physics and a strong signal for vector/axial vector new physics operators. Even though we focus on τ final state, one can use the triple-products to search for new physics with e and µ in the final state.
Introduction
The Standard Model (SM) of particle physics, even though very successful, is expected to break down at some energy scale and make way for a more complete theory. Exploration of what lies beyond the SM can be carried out at the energy frontier in colliders such as the LHC or at the intensity frontier at high luminosity experiments. In the intensity frontier, the B factories, BaBar and Belle, have produced an enormous quantity of data in the last decade. There is still a lot of data to be analyzed from both experiments. The B factories have firmly established the CKM mechanism as the leading order contributor to CP violating phenomena in the flavor sector involving quarks. New physics (NP) effects can add to the leading order term producing deviations from the SM predictions. In this respect, the second and third generation quarks and leptons are quite special because they are comparatively heavier and are expected to be relatively more sensitive to NP. As an example, in certain versions of the two Higgs doublet models (2HDM), the couplings of the new Higgs bosons are proportional to the masses and so NP effects are more pronounced for the heavier generations. Moreover, the constraints on NP involving the third generation leptons and quarks are somewhat weaker allowing for larger NP effects.
It is interesting that there are certain discrepancies in decays involving τ and ν τ states, though none of them are significant enough to establish clearly the presence of NP. There is a seeming violation of universality in the tau lepton coupling to the W suggested by the Lep II data which could indicate NP associated with the third generation lepton [1] . Recent measurement of CP violation [2] in τ decays find A CP in τ − → π − K s (≥ 0π 0 )ν τ is (−0.36 ± 0.23 ± 0.11) % which is different from the SM prediction (0.36 ± 0.01) by 2.8 σ. The branching ratio of B → τ ν τ showed some tension with the SM predictions [3] indicating NP, possibly coming from an extended scalar or gauge sector [4] . However, new Belle [5] and BaBar [6] measurements, obtained using the hadronic tagging method, are more consistent with the SM.
If there is NP involving the third generation leptons one can search for it in semileptonic b → cτ ν τ decays such asB → D + τ −ν τ ,B → D * + τ −ν τ [7] . The semileptonic decays of B meson to the τ lepton is mediated by a W boson in the SM and it is quite well understood theoretically. In many models of NP this decay gets contributions from additional states like new vector bosons or new scalar particles. τ has also been found [9, 10, 11] . Recently, the BaBar collaboration with their full data sample of an integrated luminosity of 426 fb −1 has reported the measurements of the quantities [12] R which deviate from the BaBar measurements by 2σ and 2.7σ respectively. The BaBar collaboration reported a 3.4σ deviation from SM when the two measurements of Eq. (1.1) are taken together. These deviations could be sign of NP and already certain models of NP have been considered to explain the data [13, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] . In Ref. [17] , we calculated various observables inB
decays with NP using an effective Lagrangian approach. The Lagrangian contains two quarks and two leptons with scalar, pseudoscalar, vector, axial vector and tensor operators. Considering the NP operators one at a time, the coefficient of these operators can be fixed from the BaBar measurements and then one can study the effect of these operators on the various observables. In this work, we extend the work of Ref. [17] by providing the full angular distribution forB → D * + τ −ν τ with NP. The full angular distribution, in the SM, has already been used in experiments for final states with muon and the electron. In this work we also consider CP violating observables which are the triple product (TP) asymmetries [27] . In the SM, these TPs rigorously vanish and so any non-zero measurements of these terms are clear signs of NP without any hadronic uncertainties. In the presence of NP with complex couplings the TP's are non-zero and depend on the form factors. Moreover, as we will see most of the TPs depend on the vector/axial vector couplings and not on the pseudoscalar couplings. Hence these TPs provide useful clues to the nature of NP. As in the previous work, we will neglect the tensor term in the effective Lagrangian.
The paper is organized in the following manner. In Sec. 2 we set up the formalism where we introduce the effective Lagrangian for NP, define the various helicity amplitudes and consider the constraints on the NP couplings. In Sec. 3 we present the angular distribution and define the various observables inB → D * + τ −ν τ decays. We present the SM predictions for these observables as well as predictions for the observables with NP. Finally, in Sec. 4 we summarize the results of our analysis.
Formalism
In the presence of NP, the effective Hamiltonian for the quark-level transition b → cl −ν l can be written in the form [28] 
where G F = 1.1663787(6) × 10 −5 GeV −2 is the Fermi coupling constant, V cb is the Cabibbo-Koboyashi-Maskawa (CKM) matrix element, P L,R = (1 ∓ γ 5 )/2 are the projectors of negative/positive chiralities. We use σ µν = i[γ µ , γ ν ]/2 and assume the neutrino to be always left chiral. Further, we do not assume any relation between b → ul − ν l and b → cl −ν l transitions and hence do not include constraints from B → τ ν τ . The SM effective Hamiltonian corresponds to
In this paper we will ignore the tensor interactions. With this simplification we write the effective Lagrangian as
where g V,A = V R ± V L and g S,P = S R ± S L . The values of the couplings that can explain the data in Eq. (1.1) satisfy the constraints |g V,A | < ∼ 2 and |g P | < ∼ 4. One can consider if the size of these couplings can arise in typical extensions of the SM. Let us start with the vector/axial vector couplings and assume that the new physics is due to the exchange of a new particle with mass M X with coupling g new to the quarks which has the same size as the weak coupling, g, of the quarks to the W . One can then write
With g new ≈ g one obtains,
Hence M X ≈ 300 GeV can lead to g V,A ≈ 2. Note that such a particle which couples dominantly to the third family is still allowed by experimental searches. Coming to the pseudoscalar coupling, one notes that the hadronic matrix elements are somewhat suppressed so larger values of g P , satisfying |g P | < ∼ 4, are needed to explain the data. In this case M X ≈ 200 GeV can lead to g P ≈ 4 and such a particle which couples dominantly to the third family is still allowed by experimental searches.
The effects of NP can be seen in the helicity amplitudes that describe the decays. The expressions for the hadronic helicity amplitudes for theB → D * τν τ decays are 5) where the t and the P amplitudes arise in the combination
The form factors A 1,2,0 (q 2 ) and V (q 2 ) are defined in the appendix. As is clear from the above equation, the various helicity amplitudes are sensitive to different NP operators. These helicity amplitudes can be probed in various differential distributions providing useful information about NP.
The transversity amplitudes A and A ⊥ are related to the helicity amplitudes A ± as
All the amplitudes are complex if the NP couplings are complex. The phases in the couplings are weak phases and change sign when we go from particle to antiparticle decays. Though strong phases in the current can arise from higher-order loops these will be tiny and we will ignore them. Hence the only CP violating signals will be of the triple-product type and all direct CP violating effects will vanish. Moreover we see that A 0, ,t have the same weak phases and any interference between these amplitudes will not lead to any CP violating signals. The only CP violating signals will come from the interference of A ⊥ with the other vector/axial vector and pseudoscalar current amplitudes A 0, ,tP . We will now consider the two cases:
• Case a : In this case, we will set S L , S R = 0 and assume that the NP affects leptons of only the third generation. This scenario could arise from the exchange of a new charged W ′ boson [29] . We point out that this is just a simplifying assumption and in fact the general angular distribution presented in the paper is also applicable to e and µ in the final state.
• Case b : In this case, we will set V L , V R = 0 and assume that the NP only affects leptons of the third generation. This scenario could arise in models with extended scalar sectors [30] .
Finally, we discuss the possibility of long distance resonant contribution to this decay as one observes in
The decay can get long distance contributions from B → D * X with the subsequent decay X → τ ν τ which is an annihilation process and is suppressed. The state X, given the energy required to produce the τ , can be D
and combined with the suppressed rate for X → τ ν τ the resonant long distance contribution in this case is much smaller than the leading tree level W exchange contribution and can be neglected.
Constraints on the NP couplings
For the numerical calculation, we use the B → D and B → D * form factors in the heavy quark effective theory framework [31, 32] . B → D * form factors are summarized in the appendix. The constraints on the complex NP couplings in the b → cl −ν l effective Hamiltonian come from the measured R(D) and R(D * ) in Eq. (1.1) at 95% C.L. We also vary the free parameters in the form factors discussed in the appendix within their error bars. All the other numerical values are taken from [33] and [34] . A detailed analysis of R(D) and NP in the decayB → D + ℓ −ν ℓ can be found in [17] . The allowed ranges for the NP couplings are then used for predicting the allowed ranges for the observables in the the angular distribution discussed in the next section. The experimental results show a correlation between R(D) and R(D * ). Many NP models would affect both R(D) and R(D * ) and produce a correlation between them, while other NP models would affect only one of the ratios. We believe the measured deviations from the SM for both R(D) and R(D * ) are not significant enough to rule out the SM or NP models that affect only one of the ratios. Hence, in our determination of the allowed ranges of the NP couplings the correlations between R(D) and R(D * ) are not taken into account. In the future, if experiments find more significant deviations from the SM predictions for the two ratios, or other clear signals for NP in these decays, then the effect of the correlation will have to be taken into account to find the nature of the NP. The goal of the paper is to point out how different observables in these decays can to be used to find NP and the nature of the NP.
The combination of the couplings
If NP is established in both R(D) and R(D * ) then the case of pure g A coupling is ruled out. The constraints on the complex couplings g V and g A are shown in the colored region of Fig. 1 (left) and (right). We confirm from Eq. (2.5) that if the new interaction in purely left-handed then the amplitudes and all the distributions just get scaled by a common factor. Hence, instead of considering the pure V − A and V + A quark current cases, we will consider cases which include pure g V or pure g A complex couplings. Interestingly, the analysis in Ref. [17] indicates that the data prefers either pure vector or pure axial vector couplings. 
The combination of the couplings g
If NP is established in both R(D) and R(D * ) then the cases of pure g S or g P couplings will be ruled out. The constraints on the complex couplings g S and g P are shown in Fig. 2 . 
Angular analysis
The complete three-angle distribution for the decayB → D * (→ Dπ)l −ν l in the presence of NP can be expressed in terms of four kinematic variables q 2 , two polar angles θ l , θ D * , and the azimuthal angle χ. The angle θ l is the polar angle between the charged lepton and the direction opposite to the D * meson in the (lν l ) rest frame. The angle θ D * is the polar angle between the D meson and the direction of the D * meson in the (Dπ) rest frame. The angle χ is the azimuthal angle between the two decay planes spanned by the 3-momenta of the (Dπ) and (lν l ) systems. These angles are described in Fig. 3 . The three-angle distribution can be obtained by using the helicity formalism. We can write the angular distribution explicitly for easy comparison with previous literature [35, 36, 37, 38] 
where the quantity N F is The momentum of the D * meson in the B meson rest frame is denoted as |p
When there are no strong phases then A and A 0 have the same weak phase and I 7 vanishes.
The complex NP couplings lead to CP violation which are sensitive to the angular terms sin χ and sin 2χ. The coefficients of these terms are TPs and have the structure
In the SM these terms vanish, to a very good approximation, as there is only one dominant contribution to the decay and so all amplitudes have the same weak phase. Hence any non-zero measurements of the TPs are clear signs of NP without any hadronic uncertainties. For the charged conjugate modes, the weak phases change sign andĀ i,j = |A i,j |e −iφ i,j and the TPs change sign. Even though we focus on τ final states, we should point out that this distribution is applicable also for e and µ in the final state. Since experiments have already studied this distribution for e, µ final states it might be worth checking the sin χ and sin 2χ terms in the distributions for these decays for signals of non-SM physics.
It will be convenient to rewrite the angular distribution as [39] ,
l is completely described in terms of twelve angular coefficient functions V i . These angular coefficients depend on the couplings, kinematic variables and form factors, and are given in the Appendix in Eq. (B.7), Eq. (B.8) and Eq. (B.9).
For the CP-conjugate decay B →D * (→ Dπ)l + ν l , one defines the angles relative to the directions of the τ + andD * . TheV i 's can be obtained from the V i 's by replacing θ l → θ l + π and χ → −χ, and changing the signs of the weak phases. This transformation is equivalent to replacing V 
(3.5)
Differential branching ratio
The angular distribution allows us to define several observables. The starting point is to obtain the differential distribution dΓ/dq 2 after performing integration over all the angles 6) where the D * longitudinal and transverse polarization amplitudes A L and A T are Furthermore, one can also explore the q 2 dependent ratio where l denotes the light lepton (e, µ). The ratio R D * are independent of the form factor h A 1 (w). Fig. 4 shows the differential branching ratio (DBR) and
We make the following observations:
• If only the g A coupling is present, the DBR can be enhanced up to 0.4% at q 2 ≈ 8.5GeV 2 . R D * (q 2 ) can be enhanced up to 0.9% at high q 2 . The shape of the distribution is similar to that in the SM.
• If only the g P coupling is present, the DBR can be enhanced up to 0.4% at q 2 ≈ 7.5GeV 2 . Note that the peak of the DBR is shifted to the low q 2 direction relative to the SM. R D * (q 2 ) is approximately 0.7 at q 2 ≈ 7.5GeV 2 . The shape of the distribution is different from that in the SM.
Finally, the new NP coupling g V only appears in the transverse amplitude A ⊥ , and does not significantly affect the DBR and R D * (q 2 ). The shape of the distribution is again similar to that in the SM.
We note that recently BaBar has reported the measurement of the differential distribution for bothB → D
τ decays [40] and the results seem to generally favor vector, axial-vector type NP though scalar/pseudoscalar NP are not ruled out.
Polarization fraction for D *
The differential angular distribution in cos θ D * gives access to the polarization fraction of the
where we define the longitudinal and transverse polarization fractions of the D * meson as 
12)
The forward-backward asymmetry (FBA) for the leptons is defined by
(3.13)
Then one can obtain: 14) similarly, FBA for the conjugate mode is
If the absence of direct CP violation,Ā F B (q 2 ) = −A F B (q 2 ). We define the average FBA as
Within the SM, A D * F B (q 2 ) has a zero crossing at q 2 ≈ 5.64GeV 2 (see Fig. (6) ). We make the following observations from this figure • If only the g A or only the g V couplings are present, the FBA can reach a value close to 50% at low q 2 and its sign is mostly negative. The FBA converges to its SM prediction at high q 2 .
• If only the g P coupling is present, the FBA can reach a value up to 30% at low q 2 . It can have both positive or negative signs. Again, the FBA converges to its SM prediction at high q 2 .
In Table. 1 we summarize the predictions for the q 2 -integrated FBA A D * F B for the decayB 0 → D * + τ ν τ .
Asymmetries A (i)
C in the angular variable χ In this section, we consider three different transverse asymmetries A (i=1,2,3) C . These asymmetries are obtained by integrating out the polar angles θ l and θ D * in three different regions. 
A (1) C
The transverse asymmetry A
C is defined through the angular distribution in χ as
C cos 2χ + A
T sin 2χ . 
T is a TP, and is discussed separately below. One can obtain 18) and similarly, for the conjugate modē
In the absence of direct CP violationĀ
C . We define the average A
(1)
The SM prediction for A C (q 2 ) remains almost the same as the SM prediction when only the g A or only the g V couplings are presents.
The g P coupling appears only in the amplitude A P and affects only the denominator of A 
C (q 2 ) reduces to its SM value as shown in Fig. 7(left panel) . The magnitude of the ratio
SM reaches more than 25% at q 2 ≈ 5.0GeV 2 as shown in Fig. 7 (right panel).
A (2) C
We define the angular distribution 
C (q 2 ) and r 1 (q 2 ) for the decayB → D * + τ −ν τ in the scenario where only the g P coupling is present. The green band corresponds to the SM prediction and its uncertainties. The red and blue dashed lines correspond to |g P |e iφg P = 2.17e i1.75 and |g P |e iφg P = 0.68e −i1.79 respectively . The values of the couplings are chosen to show the maximum and minimum deviations from the SM expectations.
One can obtain
T sin χ , (3.22) where
T is a TP, and is discussed separately below. For the conjugate modē
C . We define the average A (2)
C (q 2 ) depends on all the three couplings g A , g V , and g P . For all q 2 , the magnitude of A (2) C (q 2 ) is generally suppressed by these new couplings. As shown in Fig. 8 , in all three cases, the value of A (2) C (q 2 ) can be either positive or negative. In particular, there may or may not be a non-SM zero crossing.
The q 2 dependence of the ratio r 2 (q
SM is shown in Fig. 9 for all the three cases. The magnitude of r 2 (q 2 ) can be more than 100% at high q 2 . 
A (3) C
Finally, we define the single angle distribution
(3.26)
T sin χ , (3.27) where Here A
C . We define the average A (3)
The angular coefficient V 
SM can reach values > ∼ 30% at low q 2 as shown in Fig. 10 (right panel).
CP-violating triple-product asymmetries
In this subsection, we consider the TPs in the decaysB → D * (→ Dπ)l 
C (q 2 ) and r 3 (q 2 ) for the decayB 0 → D * + τ ν τ in the scenario where only the g P coupling is present. The green band corresponds to the SM prediction and its uncertainties. The red and blue dashed lines correspond to |g P |e iφg P = 2.03e i2.67 and |g P |e iφg P = 3.08e i0.63 , respectively . The values of the couplings are chosen to show the maximum and minimum deviations from the SM expectations.
in its rest frame, where the unit vectors are given in terms of the momenta of the final-state particles as [39] 
The vectorsn D andn l are perpendicular to the decay planes of the D * and the virtual vector boson. In terms of the azimuthal angle χ, one gets 32) and hence the quantities that are coefficients of sin χ (or of sin 2χ = 2 sin χ cos χ) are the TPs. As noted above, while the angular distribution for theB decay involves χ, for B it involves −χ. The TPs in the SM vanish to a very good approximation, as we have mentioned earlier, and this result is free from any hadronic uncertainties. However, with NP the TPs are not zero in general for complex NP couplings. The non-zero TPs now depend on the form factors and suffer from the hadronic uncertainties coming from the form factors. In our calculation for the TPs we have used the inputs for the form factors at their central values. The hadronic uncertainties in the TPs predictions are included in the range of the various NP couplings.
A (1) T
The first TP is A In the absence of direct CP violationĀ
T . We observe that A
T depends on both the g A and the g V couplings and not on the g P coupling. The CP-violating triple-product asymmetry is 
τ in the presence of only the g A and only the g V couplings. We make the following observations:
• If only the g A coupling is present, the magnitude of A (1) T (q 2 ) can be enhanced up to 4% at q 2 ≈ 8.0GeV 2 . It vanishes at the end points as the amplitude A ⊥ diminishes. A • If only the g V couplings is present, the magnitude of A (1) T (q 2 ) can be enhanced up to 5% at q 2 ≈ 8.0GeV 2 . The behavior of A
T (q 2 ) is similar to the above case.
A (2) T
The second TP is A T andĀ (2) T are given by
We observe that A
T (q 2 ) depends on all the three new couplings g A , g V , and g P . This TP is proportional to the lepton mass and so is very small when the lepton is the electron or the muon. The CP-violating triple-product asymmetry is
τ in the presence of only the g A , only the g V and only the g P couplings. We make the following observations
• If only the g A coupling is present, the magnitude of A (2) T (q 2 ) can go up to 10% at low q 2 and this TP vanishes at the end points. It can have either sign at both low and high q 2 . Also A (2) T may or may not have non-SM zero crossing.
• If only the g V coupling is present, the magnitude of A
T (q 2 ) can reach up to 10% at low q 2 . The behavior of A
T (q 2 ) is similar to the one when only the g A coupling is present.
• If only the g P coupling is present, the asymmetry prediction is similar to the other two cases.
A (3) T
The third TP is A
T , introduced above in Eq. (3.27) . A
T andĀ (3) T are given by
T depends on both the new couplings g A and g V but does not depend on g P . The CP-violating triple-product asymmetry is
• If only the g A coupling is present, the magnitude of A T (q 2 ) can be enhanced up to 4% at q 2 ≈ 8.0GeV 2 and it vanishes at the end points. A
T (q 2 ) can have either sign at both low and high q 2 . Also it may or may not have a non-SM zero crossing.
• If only the g V coupling is present, the magnitude of A T (q 2 ) can be enhanced up to 5% at q 2 ≈ 8.0GeV 2 . The behavior of A
T (q 2 ) is similar to the case above. 3.6 Correlations between R D * and q 2 -integrated TP asymmetries
As we discussed in the previous section, the three CP-violating TP asymmetries A can be up to 5%. All these asymmetries can have either sign. • If only the g V coupling is present, the magnitude of A errors in this scenario. This asymmetry can have either sign.
Discussion and Summary
We presented the full three angle and q 2 distribution forB → D * ℓ −ν ℓ . We focused on the decayB → D * + τ −ν τ , since the new experimental results are not consistent with SM predictions. We extended the work of Ref. [17] by considering additional observables from the angular distribution. Particular attention was paid to the CP violating triple product asymmetries. It was argued that in the SM these asymmetries vanish, to a very good approximation, and so non-zero measurements of these asymmetries would be smoking gun signals for new physics. Of the three triple product asymmetries two are sensitive to only vector and axial vector new physics. Hence the triple product asymmetries are not only sensitive to new physics but also can probe the nature of new physics. Our results are summarized in Table 2 , for the cases where the NP has only one type of Lorentz structure:
• ZC may or may not exist
• ZC may / may not exist
• ZC may / may not exist In the B rest frame, the co-ordinates are chosen such that the D * meson is moving along the positive z-axis, whereas the virtual gauge boson is moving along the negative z-axis. The four-momenta of the B and D * mesons, and the virtual gauge boson are
where
Further, one chooses the polarization vector of the D * meson as
In this frame, we choose the polarization vector of the virtual gauge bosonǭ, which can be, longitudinal (m = 0), transverse (m = ±), or timelike (m = t):
The leptonic tensor is evaluated in the q 2 rest frame. In this frame, we choose the transverse components of the helicity basisǭ to remain the same and other two components are taken as Let θ l be the angle between the three-momenta of D * meson and the charged lepton in the q 2 rest frame, and χ be the opening angle between the two decay planes. We define the momenta of the lepton and anti-neutrino pairs as 
A.2 Form Factors
The B. Form factors in the Heavy Quark Effective Theory * mesons, respectively. The b → c transition can be studied in the heavy quark effective theory (HQET). In this effective theory, the matrix elements of the vector and axial vector currents, V µ and A µ , between bottom and charm mesons [42] are defined as [13, 32, 35] in the following way, . The w dependence of the form factors can be found in [13, 32] and R 0 (1) = 1.14 is taken from [13] . In the numerical analysis, we allow 10% uncertainties in the R 0 (1) value to account for higher-order corrections.
In the HQET, the transversity amplitudes of Eq. 
